; One-step growth and intracellular growth experiments were performed at high multiplicities of the virus LPP-1 during the infection of the blue-green alga Plectonema horyanum. The eclipse period lasts until 4 hr after infection, the latent period terminates at 6 hr, and the rise period continues until 14 to 16 hr after infection. The burst size was independent of multiplicity of infection over the ranges from 1 to 50. The burst size was 3,000 to 5,000 plaque-forming units (PFU) (12), and at very low multiplicity (0.1 PFU/trichome) the latent period was the same, but the burst size was 300 to 400 PFU/cell. The higher burst size was thought to be due to the lower MOI and to the incomplete removal of unadsorbed phage in the earlier work.
A number of one-step growth experiments have been performed after infection with the bluegreen algae virus LPP-1. A latent period of 7 hr and a burst size of 100 plaque-forming units (PFU)/cell was found by Goldstein et al. (6) by using LPP-1 at a multiplicity of infection (MOI) of 0.02 per cell. Ginzburg et al. (5) obtained identical results with LPP-1G at an MOI of about 0.07. The work on LPP-1G was recently extended by Padan et al. (12) , and at very low multiplicity (0.1 PFU/trichome) the latent period was the same, but the burst size was 300 to 400 PFU/cell. The higher burst size was thought to be due to the lower MOI and to the incomplete removal of unadsorbed phage in the earlier work.
Before the lytic cycle for LPP-1 had been well characterized, the morphology of LPP-1 infection had been studied by Smith and co-workers (20) (21) (22) . They originally proposed a model in which the whole virus enters the cell (20) ; this model was later retracted (22) . They then proposed a theory of LPP-1 attachment (21) based on the T-even model (8) . After injection of the deoxyribonucleic acid (DNA), the photosynthetic lamellae were thought to be pushed to one side, leaving a region called the "virogenic stroma" where the viral particles would later be formed. The phage DNA replicates in the host nucleoplasm and then migrates into spaces between the lamellae where they form into large (18 nm in diameter) helices. These helices then migrate into the virogenic stroma leaving "holes" between the lamellae: protein coats are then assembled on the helices in the virogenic stroma, which later develop into mature phage particles. This model requires a great deal of movement; viral DNA molecules must traverse several layers of membranes twice merely to end up where they began. The major evidence in favor of the model is the appearance of presumptive viral precursors between lamellae and the later appearance of "holes" between the lamellae (21) .
Therefore, we repeated the electron microscope observations on samples taken from a high multiplicity one-step growth experiment, having previously established the characteristic times for the eclipse, latent, and rise period. We found that the first visible sign of infection is the invagination of the photosynthetic lamellae and that the area thereby provided, between the lamellae and the plasma membrane, is the area in which virus particles later appear, in agreement with the observations of Smith (21) . However, there does not LPP-1 INFECTION OF P. BORYANUM. I appear to be a migration of macromolecules from the nucleoplasm or the photosynthetic lamellae to the virogenic stroma, but it seems that all viral synthesis occurs in the stroma. The intralamellar particles thought to be viral precursors are seen in uninfected cells as well, whereas the holes believed to be due to emigration of these precursors are probably an artifact of specimen preparation.
MATERIALS AND METHODS Algae and virus. The alga used throughout this study was Plectonema boryanum 594, obtained trom the Indiana University culture collection. LPP-l is the isolate originally provided by R. S. Safferman.
The cells were grown in modified Chu no. 10 medium, as described previcusly (10) This gave 1 A260 = 4 X 101" PFU/ml. One-step grow h experiment. Cells were grown to a density of 108 cells/ml, centrifuged at 5,000 rev/min for 10 min in a Sorvall SS-34 rotor, and resuspended in sterile Chu medium about 12 hr before infection. Thirty minutes prior to infection, the cells were wrapped in aluminum foil and placed on a shaker rotating at 100 rev/min. Infection was carried out in light provided by a 15 w safelight with a Kodak no. I filter. The cells w-re then kept in the dark for 2 hr to allow adsorption. A 0.1-ml sample was diluted into 9.9 ml of 0.002 M ethylenediaminetetraacetic acid (EDTA), pH 8.0, to kill unadsorbed phage. The infected EDTA-treated cells were then diluted into Chu medium to a final concentration of 103 to 104 cells/ml (50 to 500 infectious centers/ml). In some experiments, the Chu was supplemented with 100 jg of gelatin per ml and 10-2 M MgCl2.
Electron microscopy. Infected cells were fixed by a modification of the procedure of Smith et al. (22) . The infected cells were washed twice in 0.1 M cacodylate buffer and fixed for 1 hr at 4 C in a solution of 3% acrolein (Eastman), 3% glutaraldehyde (Ladd or Polysciences) in 0.1 M cacodylate (pH 7.2). After washing, they were postfixed in 1% OS04 for 0.5 to 1 hr at 20 C; this was followed by staining overnight in 0.5% uranyl acetate at 4 C. The cells were then embedded in 2% agar, spun into a pzllet, cut into very small pieces with a sharp razor blade, and dehydrated through alcohol. These small pieces were embedded in Epon (9), usually with a concentration of SA:SB. Sections were cut with a Dupont diamond knife on a Sorvall MT-It ultramicrotome. Grey to silver-grey sections were poststained in 3% uranyl acetate and with lead citrate (14) . For the micrograph of protoplasts, the latter were prepared by the method of Biggins (2) . The fixation was identical to that described except that all solutions contained 0.75 M mannitol, until the 70%0 alcohol step. Micrographs were taken on a Siemens Elmiskop 1 at 80 kv with a 50-,um objective aperture.
RESULTS
One-step growth curve of LPP-1. The filamentous nature of P. boryanum is the main difficulty in performing an accurate one-step growth experiment. Under our growth conditions, an average filament (trichome) contained about 20 (12) . We found that the latent period lasts until 7 hr after infection, the rise period continues until 16 hr, and the burst size is 200 to 300 PFU/cell.
We next attempted to do one-step growth experiments at high multiplicity, since the biochemical experiments anticipated require that every cell be infected. We encountered a difficulty, namely the loss of infectious centers, approximately at the time expected for the end of the latent period. This difficulty was overcome by supplementing the medium in the growth tubes with 0.01 M MgCl2 and 100 ,ug of gelatin per ml. We then were able to determine the effect of MOI on the onestep growth curve (Fig. 1) . The latent period and burst size are seen to be independent of multiplicity over the range from 1 to 50, although there may be a slight delay in lysis at the highest multiplicity. Since there are about 20 cells per trichome, the burst size of 3,000 to 5,000 is in good agreement with the result obtained at very low multiplicity.
Intracellular growth of LPP-1. The previous one-step growth experiment does not distinguish infected cells from free virus particles. To discover when mature phage first appear, the infected cell must be prematurely lysed. Chloroform is widely used for this purpose in bacteriophage infection (16) .
The results of chloroform treatment during LPP-1 infection can be seen in Fig. 2 (13) . These granules are 180 nm in diameter and from 30 to 50 nm long. They are found regularly spaced between the lamellae in most cells (Fig. 3, 11) . At high magnification they give the appearance of being helical. Their function is unknown although it has been suggested that they are highly branched polyglucoside storage particles (3). -' The blue-green algal cell wall ist-a complicated structure composed of four parts (1, 7) . These are as follows from the inside of the cell outward: LI, an electron-transparent area of varying thickness next to the cell plasma membrane (Fig. 3) ; LII, an electron-opaque area 11 nm thick; LIII, another transparent region about 20 nm thick; LIV, a typical unit membrane. It is likely that LI is an artifact since it varies widely in size and completely disappears at times (Fig. 10, 11 ). This could be due to the separation of LII from the membrane during fixation or to a tangential sectioning artifact which makes the membrane appear to be separated from LII. In places where LII and the plasma membrane are closely appressed, the distance from the membrane to the outside edge of LIV is about 45 nm.
Large, electron-dense, amorphous structures can be seen in the nucleoplasm (Fig. 8) . These structures resemble the polyphosphate granules found in yeast cells (H. Swift, personal communication). At times, vacuoles which contain a small amount of this granular substance are found, and these are presumably of similar origin.
Ultrastructure of LPP-1-infected P. boryanum. To view the morphological changes that occur after infection by LPP-1, samples for electron microscopy were taken at various times after logarithmically growing P. boryanum was infected by LPP-1 at MOI = 50. The growth curve for this experiment can ,be seen in Fig. 1 . During various experiments, samples from 1, 3, 4, 6, 7, 9, 10, 12, 15, and 25 hr after infection were viewed in the electron microscope; representative results from the 4-, 7-, and l1-hr points were selected. These correspond to the end of the eclipse period, end of the latent period, and middle rise period, respectively.
-The first sign of viral infection is the invagination of the photosynthetic lamellae (Fig. 6, 7) . The lamellae are pushed inwards, pushing the nucleoplasm toward one corner of the cell. Viral particles will later appear in the space left by this invagination (the virogenic stroma). Invagination, which is characteristic of all infected Plecgonema cells, is not seen 1 hr after infection but is seen at 3 hr after infection and is quite pronounced by 4 hr. By 4 hr after infection, the virogenic stroma is seen to contain numerous particles. Some of these are probably ribosomes; others appear to be a-granules (Fig. 6, 7) . Prior to infection, these particles were in the nucleoplasm and intralamellar space, respectively. Their appearance in the virogenic stroma suggests that some damage has been done to the lamellar system to permit these particles to penetrate into the stroma. Other small osmiophilic particles are seen throughout the cell (Fig. 8, 13 ). We believe these to be artifacts produced by electron bombardment of the large granular inclusions assumed to be polyphosphate.
Virus particles were also seen at 4 hr on one occasion (Fig, 7) . Four hours corresponds to the end of the eclipse period, so that the probability of finding mature, intracellular virus at this time is extremely low. No large, partially formed viral precursors were seen at this time.
We will show elsewhere (18) Fig. 10, 11 , and 12. In these cells, the lamellae are invaginated in three places, and viral particles may be seen in all three stromata. In particular, Fig. 12 14. Ten-hour infected P. boryanum plus 100 ug of chloramphenicol per ml at I hr. Cells were infected, at MOI = 20, treated with 100 ,ug of chloramphenicol per ml at zero time and at I hr, and left in the light until 10 hr after infection. This cell, treated with chloramphenicol at 1 hr, is partially invaginated in many places. However, no cells were found that had lamellae that were completely invaginated. It is most likely that more than I hr of viral-directed protein synthesis is necessary for complete lamellar invagination. SG, structural granule. X 76,000. Various conformations of the DNA within the protein coat can be seen in Fig. 10, 11 , and 13. This is strikingly similar to the observations on T2-infected Escherichia coli reported by Zagury et al. (24) . These authors consider this asymmetric appearance of the viral DNA in the capsid to be due to nonhomogeneous packaging of the DNA. Although this is possible for both T2 and LPP-1, the nonhomogeneity is most likely a fixation artifact. Glutaraldehyde, although cross-linking protein very effectively, does not preserve nucleic acid quite as well. The DNA has a tendency to clump, and, when later stained with uranyl acetate, appears as a very dense ball (E. Kellenberger, personal communication) . This clumping may explain the finding of viral particles that appear to lack DNA (Fig. 9) . If the DNA has clumped at one side of the virus, a thin, tangential section may appear empty.
The mode of attachment of LPP-1 to the P. boryanum cell wall can be seen in Fig. 5 and 10 . If the tail is 20 nm long in isolated particles (10, 11) this would allow the tail to extend through LIII to LII. If a core protrudes at this stage, then it is possible that the DNA could be injected at or within the plasma membrane. The exact depth to which the tail penetrates can not be determined although it appears that only the viral capsid is outside the cell after attachment.
It has been mentioned that lamellar invagination is the first morphological sign of infection. To determine the number of cells that showed this characteristic at a given time, various grid areas were scanned at random. Only longitudinally oriented cells in these areas were counted for this purpose, since it is too easy for a transverse section near the edge of a cell to appear normal. The results of this survey are listed in Table 1 (Fig. 14) . However, there were no cells that had the lamellae pushed completely to one side. It can be seen in Fig. 14 
